undergo this dramatic cyclic change in soil structure; although seasonal variations in hydraulic conductivities
may counteract the compaction-induced reduction of in the NP were about one order of magnitude larger than in the the conductivities (Gantzer and Blake, 1978 ; Ankeny cultivated soils. In NT, saturated hydraulic conductivities in the top et al., 1990) .
cm of soils were significantly larger than in CT. No-till and CT soils
Because of the many factors affecting the hydraulic had similar near-saturated hydraulic conductivities, indicating that conductivity, a temporal pattern may be difficult to obeven 27 yr of continuous NT could not restore the original hydraulic serve (Logsdon, 1993) . Sometimes, certain factors are properties of the soil. Restoration of original hydraulic properties in more dominant than others, allowing us to discern temcultivated former prairie soils may take considerably longer.
poral patterns. For instance, saturated and near-saturated hydraulic conductivities can increase from a wet to dry season due to the formation of cracks, particularly H ydraulic conductivity depends on soil structure, in soils that shrink and swell (Jabro, 1996 ; Azevedo et which varies in both space and time. Temporal al., 1998) . Decreases of saturated and near-saturated variation of hydraulic conductivity is caused by growth hydraulic conductivities occur when soil particles reconand decay of plant roots (Meek et al., 1992) , activity of solidate, especially after tillage operations, when rainsoil organisms (Beven and Germann, 1982;  Willoughby drop impact causes sealing of the soil surface, and when et al., 1996) , precipitation that forms surface crusts root growth clogs pre-existing pores (Messing and Jar-(Messing and Jarvis, 1993), shrinking and swelling vis, 1993; Angulo-Jaramillo et al., 1997; Suwardji and (Messing and Jarvis, 1990; Bagarello et al., 1999 ), freezEberbach, 1998 . The effect of roots on saturated and ing and thawing (Scott et al., 1994) , and agricultural near-saturated hydraulic conductivities is closely related activities, such as tillage and wheel-traffic compaction to the physiological stage of the root system. Living (Ankeny et al., 1990; Logsdon and Jaynes, 1996) . roots can create new pores, but also use pre-existing root Tillage operations affect hydraulic conductivities in or earthworm channels for growth, thereby reducing contrasting ways. Tillage, especially plowing, creates hydraulic conductivities. When roots decay, they leave macropores that cause saturated and near-saturated hybehind empty pores through which water can flow rapdraulic conductivities to increase considerably, but also idly (Murphy et al., 1993) . Wetting and drying cycles disrupts pore continuities that reduce hydraulic conducnear to the root systems can also create new pores and tivities between plow layers and subsoils (Bouma, 1991) .
cracks (Rasse et al., 2000) . The activity and type of Shortly after tillage, saturated and near-saturated hyroot systems can play a pronounced role in temporal draulic conductivities in the topsoil are usually large variation of hydraulic conductivities. Increases in infiland decrease with time due to reconsolidation of soil tration rates from spring to late summer in an irrigated particles (Cassel and Nelson, 1985 
MATERIALS AND METHODS
the winter wheat/spring wheat portion of the rotation during the
Site Selection and Characterization
course of this study. Previous to the establishment of NT, the soil was managed as CT farmland. Agronomic practices for The soil sites were located in the Palouse region of eastern CT and NT are shown in Table 1 . Washington State, USA, near the city of Pullman. The climate All three soils belong to the Palouse-Thatuna silt-loam type of this zone is Mediterranean with an annual precipitation (fine-silty, mixed, mesic Pachic Ultic Haploxerolls) series averaging 544 mm and mean annual air temperature of 8.3ЊC (Donaldson, 1980) . All three soils had a similar soil texture, from 1940 to 1995 (Earthinfo, 1995) . Selected soils were manwith the particle-size distribution dominated by the silt fraction aged as a NP, a CT, and a NT.
( Table 2 ). The NP soil was higher in pH, higher in organic C The NP and CT soils were located adjacent to each other content, and higher in total N content than the two cultivated 32 km south of Pullman (46Њ34Ј N lat., 117Њ12Ј W long.) on an upper-slope landscape position, a 3 to 5% slope, and northsoils (Table 2) . were saturated from the bottom with a degased 5 mM CaSO 4 September 18 to 20, and December 7 to 11 from 20 by 20 m solution for 48 h. Some swelling was observed in the NP plots. At each sampling date, eight intact soil cores of 9-cm soils during saturation, however, the volume change during diam. and 10-cm depth were taken for hydraulic conductivity saturation was at most 3%, and considered part of the experianalysis, and five cores of 5.4-cm diam. and 9-cm depth were mental error. taken for soil water retention analysis. Crop and plant residues For water potentials ranging from 0 to Ϫ4.2 kPa, the meaon the soil surface were removed before sampling. The cores surements were made with the hanging water column method were taken with a manual hammer-driven core sampler from (Townend et al., 2000) using a Buchner funnel with a fritted random locations, which were determined using a random disk (Pyrex, fritted disk No 36060, ASTM 40-60, Corning Inc., number generator. If the random location fell on a crop row Acton, MA). For water potentials ranging from Ϫ10 to Ϫ100 or on a wheel track, then a new random location was chosen.
kPa, a pressure plate extractor (Soilmoisture Equipment Because of dry soil conditions in September 2002, the soil was Corp., Goleta, CA) with 1-bar ceramic plates was used. At wetted 1 d before sampling by infiltrating about 60 mm of each pressure, soil cores were equilibrated for 96 h, weighed, well water at the sampling locations. The 10-cm deep soil cores and returned to the plate extractor for the next pressure step. were dissected in two depths (0-5 and 5-10 cm) and the 9-cm At the end, soil cores were oven-dried at 105ЊC for 48 h to deep cores were dissected in three depths (0-3, 3-6, and determine the porosity. The volumetric water contents deter-6-9 cm), and stored at 4ЊC. mined at each pressure step were averaged over the five replicated soil cores.
Measurement of Hydraulic Properties Data Analysis
Hydraulic Conductivity Soil water characteristics were analyzed using the van GenSaturated hydraulic conductivities (K s ) were measured with uchten relationship (van Genuchten, 1980) the constant-head method (Klute and Dirksen, 1986 ). Before K s determination, soil cores were saturated from the bottom
by placing the cores in a tray with about 2-cm deep, degased 5 mM CaSO 4 solution for 48 h.
where is the volumetric water content and h, the hydraulic Near-saturated hydraulic conductivities at low hydraulic head. The parameters ␣ (inverse of the air entry potential), heads (Ϫ1, Ϫ6, and Ϫ15 cm-H 2 O) were measured with a steady n (associated with the pore-size distribution), s (saturated state method using a tension-infiltrometer (Klute and Dirksen, water content), and r (residual water content) were fitted to 1986). The water level in the infiltrometer was monitored the experimental data using the RETC program (van Genuchwith a pressure transducer (PX 170, Omega Engineering Inc., ten et al., 1991) . Stamford, CT). The tension-infiltrometer was equipped with Analysis of variance (ANOVA) was used to test for differa nylon membrane of 30 cm-H 2 O bubbling pressure (Nylon ences in hydraulic conductivity between management systems Mesh No 400, Gilson Company, Inc., Lewis Center, OH). A (MS) and sampling time (TIME). The analysis made here is layer of glass beads (Glass Oxide C.A.S. No 65997-17-3, Potter similar to the one employed by Scott et al. (1994) . The ANOVA Industries Inc., Canby, OR), Ͻ1 mm thick, was used between model considered a complete randomized design with two-way the nylon membrane and the soil samples to ensure good treatment structure (MS, TIME) with repeated measurements hydraulic contact (Reynolds and Zebchuk, 1996) . A water (DEPTH). Significant differences between MS, TIME, and the manometer was used to check the hydraulic head inside the interaction between MS and TIME were tested using the repliinfiltrometer disk. The bottom boundary condition of the soil cations within MS and TIME as the error term. Significant core was controlled by a suction table of fine sand, which was differences in depth (DEPTH) and the interactions DEPTH ϫ hydraulically connected to a hanging water column. The air-MS, DEPTH ϫ TIME, DEPTH ϫ MS ϫ TIME were tested entry potential of the fine sand was Ϫ15.5 cm-H 2 O, that is, the with the total error of the model. Log-transformed (log K ) sand remains water saturated for potentials hydraulic heads data were used for the statistical analysis. Normality of the between 0 and Ϫ15.5 cm-H 2 O. Steady-state flow conditions transformed distributions was examined by the Shapiro-Wilk were established by adjusting top and bottom boundary conditest. We used the general linear model (GLM) to carry out tions to the same matric potential, so that the total potential the ANOVA using SAS 8.0 (SAS Institute, Cary, NC). If difference between top and bottom of the column was only significant differences (P Ͻ 0.05) were found, we further anadue to the gravitational potential difference. This results in a lyzed the means with the least significant differences (LSD) unit gradient condition (Hillel, 1998) . Hydraulic conductivities procedure. The means of the logarithmically transformed variwere calculated using Darcy's law after constant flow rate ables are, if not noted otherwise, reported as geometric means, was achieved. Measurements were made in hydraulic head and the errors of the mean as 95% confidence intervals comsequences of Ϫ1, Ϫ6, and Ϫ15 cm-H 2 O.
puted from the logarithmically transformed data (Sokal and Assuming cylindrical pores and applying the Young-Laplace Rohlf, 1995). equation using a 0Њ solid-liquid contact angle, the pore diameters excluded from water flow at the different hydraulic heads
RESULTS AND DISCUSSION
are 3 mm at Ϫ1 cm-H 2 O, 0.5 mm at Ϫ6 cm-H 2 O, and 0.2 mm at Ϫ15 cm-H 2 O. All these pores are usually considered mac-
Temporal Variation of Hydraulic Properties
ropores in soils, and we therefore denote the corresponding hydraulic conductivities as near-saturated.
The measurements of the hydraulic conductivities are summarized in Fig. 1 . The statistical analysis indicates Soil Water Characteristic that there were significant differences in time (Table 3) . Those differences were observed between the first two The soil water characteristic was determined for the range of 0 to Ϫ100 kPa (corresponding to hydraulic heads of 0 to (May and November 2001) and the remaining sampling times (2002) . The first two sampling times showed signiftation increased considerably until October 2002 (Fig. 2) . In soils with high organic matter content, such as the icantly lower hydraulic conductivity than the later sampling periods. This was generally true for each managetopsoils used in our study, soil pores may expand if soil moisture increases (Tsuboyama et al., 1994) . Indeed, ment system, hydraulic head, and depth. We attribute the higher hydraulic conductivities in 2002 to the wetter bulk density measurements corroborate that soil porosity was generally larger in 2002 than in 2001 (Fig. 2) . soil conditions. After October 2001 cumulative precipi- are commonly found for saturated conditions than under unsaturated conditions (e.g., Nielsen et al., 1973; Azevedo et al., 1998) . The saturated hydraulic conductivity often varied over more than one order of magnitude between replicates. Spatial variations of this extent are common (Nielsen et al., 1973; Jury et al., 1987; Russo et al., 1997) . The soil water characteristics were well described with the van Genuchten relationship (Fig. 3) . The fitted van Genuchten parameters are listed in Tables 5 through 7 . The NP and the NT system did not show much temporal variation in the shape of the water characteristics; however, the CT system showed some temporal variation. From November 2001 to September 2002, the CT system showed an increase in porosity between equivalent heads of 0 and Ϫ33 cm H 2 O and a decrease in porosity between equivalent heads less than Ϫ300 cm H 2 O (Fig. 3) . The increase in porosity was associated with an increase in saturated hydraulic conductivity (Fig. 1) . The increase in porosity between 0 and Ϫ33 cm H 2 O is attributed to tillage and cultivation operations, which were performed in October 2001 and April 2002. These observations are consistent with findings of others (Mapa et al., 1986; Ahuja et al., 1998) . The temporal variation in moisture characteristics decreased with increasing sampling depth, corroborating the observations made with the hydraulic conductivities.
The distribution of pore sizes in NT was fairly constant in time, however, some variation was discerned in NP and CT (Fig. 4) . In the NP, the fraction of pores larger than 375 m increased over time, whereas in CT the opposite trend was observed. The CT system showed the largest temporal variation in pore-size distributions, likely caused by tillage. The magnitude of the variation induced by tillage decreased with depth. Overall, there were significant differences in hydraulic conductivities between management systems (Table 3) . The increase in hydraulic conductivities, particularly the The NP had significantly larger hydraulic conductivities saturated hydraulic conductivity, in Year 2002 was most than CT and NT for all hydraulic heads, depths, and pronounced in the NP, which has the highest amount sampling times, except for the saturated hydraulic conof organic matter. ductivity for the 5-to 10-cm depth in November 2001 The interaction between MS and TIME was significant and the unsaturated conductivity at Ϫ15 cm-H 2 O for the for the conductivities at all hydraulic heads (Table 3) . 0-to 5-cm depth in April 2002, where no statistical This shows that the temporal change in hydraulic condifferences were detected (Table 3 , Fig. 1 ). ductivity depended on the management system. The NP Hydraulic conductivity measurements of all sampling showed greater temporal variation than CT and NT at times were averaged for each depth and management all hydraulic heads and depths. Such variation was larger system (Fig. 5) . The conductivities of the NP for all at less-negative than at more-negative hydraulic heads.
hydraulic heads and depths were significantly different The effect of farming operations, such as planting, tilland about one order of magnitude larger than those of ing, and harvesting, depends on the degree of soil mois-CT and NT. Significant differences between CT and NT ture. For planting and tilling, the soil was moist (Spring were observed for saturated hydraulic conductivity, but and Fall) whereas for harvesting (Summer), the soil was not for unsaturated conductivities. It is also apparent dry (Table 1, Fig. 2) .
from Fig. 5 that the hydraulic conductivity for all hyThe coefficients of variation for each sampling period draulic heads decreased with soil depth. The conductiviindicate that the spatial variation of the hydraulic conties at the 0-to 5-cm depth were significantly larger ductivities ranged from 21 to 151% (Table 4 ). In general, than at the 5-to 10-cm depth (Table 3) , which was most the spatial variability decreased as the hydraulic head decreased. This result is expected as greater variabilities pronounced for the saturated hydraulic conductivity in 1.369, 1.507) 1.428 (1.347, 1.510) 1.325 (1.229, 1.422) 1.505 (1.463, 1.547) 1.473 (1.377, 1.569 1.235, 1.424) 1.419 (1.349, 1.488) 1.252 (1.164, 1.340) 1.375 (1.339, 1.410) 1.417 (1.335, 1.500 the NP. This decrease of conductivity with depth was CT and NT. It seems that 27 yr of no tillage have only slightly contributed to the recovery of the hydraulic associated with an increase in bulk density (Fig. 2) . As an exception, no significant differences were found for conductivity that existed previous to cultivation. Due to the unique characteristics of the Palouse NP, the conductivities at Ϫ15 cm H 2 O hydraulic head between depths (Table 3) , which indicates that equivalent its hydraulic properties might be difficult to restore. No till seems to help in the process of restoring some of pore diameters Ͻ0.2 mm were not affected by soil depth.
In terms of equivalent pore diameters that are effecthe original properties of the natural soils of the area. However, a restoration of the original hydraulic conductive for transmission of water, the NP not only showed a larger fraction of large pores, but also a more uniform tivity may need a much longer period of time. The implementation of other management practices that help to distribution (Fig. 5 ). The differences in the distribution of pore sizes between the management systems were increase soil water flow and minimize soil erosion, should consider the formation of more continuous and most pronounced at the very top (0-3 cm) and diminished with increasing soil depth (Fig. 4) . The NP had long-lasting pores. The introduction of perennial plants that favor a more continuous and enduring root system the largest fraction of large pores (Ͼ375-m diam.) in the 0-to 3-cm depth, likely due to the higher organic may potentially contribute to this purpose. Implementation of long-lasting conservation reserve programs as matter content.
well as the introduction of perennial crops can be a promising approach to restore original hydraulic prop- was considerably greater than in the CT and NT soils.
1998. Changes in soil water retention curves due to tillage and
The effect of tillage practices on the temporal variation natural reconsolidation. Soil Sci. Soc. Am. J. 62:1228 Am. J. 62: -1233 of hydraulic conductivity seemed to be small. Soils under Angulo-Jaramillo, R., R.F. Moreno, B.E. Clothier, J.L. Thony, G.
Vachaud, E. Fernandez-Boy, and J. A. Cayuela. 1997. Seasonal CT had a weak aggregate stability (Pierson and Mulla, variation of hydraulic properties of soils measured using a tension 1989) so that the effect of tillage operations was counter- was about one order of magnitude greater than under
